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ABSTRACT 


Gas sanpliag and wuss spectrowetric analysis are to be used to 

| deteraine the cow;esition of KE-1/0 und H,,/0., rocket pluses at various 
| Jocutiuns downstrein of the nozzle exit. The exhuust guses wall be an- { 

alywed for the constituents Hos He, li,0, Nave Co, On» Ar, und cO,,. The 
| wase spectrometer output is to be digitized end reduced by computational 
methods presented in this rejort. Frow the wasse spectroweter output 
| voltages one way determine the sanple composition in terms of mole frac- 
| tions, the ues fraction of entrained air, and the mixture ratio of the 
rocket. Computer codes for the IBM 650, together with block-diagraus 


and 6@fiyple coiculiutions, have-been, included as an appendix. 
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I. Introduction: 
General iiynauicsa wild conduct «w study of the teghealtituce be- 
haviur of rocket pluuwes in the Propuisaen Cand Tunnel ut Acnold Enpinueer- 
ing and Developuwent Center, Tuildathos,, Tenn. One of the »,arta of the 
study 16 tne Bauwpiing and anulysis of tae exiiuust guses at various louca- 
tions. A Consoliduted Lleetrodynanics Corporution vass apectroneter, 
Model 21-G2U0A, “wall be used tu contanuously moniter the cxhaust vases. 
| The output frow this instrument .ila be digatized on punched tape aid 
reduced by computer within «a short period after the text Las been cone 
| ducted. This report represents wethouds of date reduction und bluckedia- 
grams of tne necessury computer proyrans. 
re presuwe the reader is funidiavr wilh thie operataon of u& muses 
spectroweter, anc ve will not ;reseul the operating principles bere. 
The purtacular instrument sahich waidh Le used at 4eD0 Las been modified 
so tiut wusseto-charge ratios from = 10 344 uppear on u Singic repeller 
| getting. A low-pressure iniet systen admatS a heated gus BRupiec to tie 
system ul abuut 0.05 psia culicction preséuree Two ,eaus selectors (Nodei 
155250) have been ganged tugcther to peruit uuteuatic Stepping vetween & 
muximuw of Lo different wose/cucrge rurtivus. Decause tre vccelereting 
voltage tukes suwe time to decay to « new value vihen the poration of the 
selector switch is cianged, iit ice been feuna acecosary to anterpose one 
or two "extra" settinze betr.cen mass nuubers viach are fur apart in terws 
| of required voltage settings. 


Essentially five different ty, es of analyacs are to Le verted 
background chech, calibration, oxygen feed, kKPo1/U, plume, and ii,,/0, 
= we hen 
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plume. The kP-1/0,, pluie wall be analyzed for ys lie, HO, Nos co, Ons 

ar, and co.,, with the peas selector ciuunels assigned us siown in Procedure) 

A, Table I. Hackground checks (run at the bexginuing of each day, and 
| before every SOewinute run) and oxygen feed analyses will also be cone 

ducted under this procedure siien an iPo1/0,. firing as being conducted. 

All caliblratiuns wild aiso be performed under this procedure. Toe H/0,, 


plume will be aualyzed for H,, lie, WO, %., O,, and Ar according to Froe * 


cuodure Bb, since about <0 seconds per swaumple can be saved in this fashion. 
Backgrounds and 0, feed analyses “ill be run accoroing, to Vrocedure B if 
i/o, firings are scheduled. !'vo,ellant oxygen wiil be analyzed for He, 
0,» Nos and Ar. 

The date to be taken froma each sasvie in order to perform @ cote 
plete analysis, consist of tie foliousny ltews: 

1) A tag number, @, sinach identafaes tre sauple being taken. Values 
of Q reguired runge frow zero to nine (VU - 9) and are shown in 
Table Il. 

2) The peak being analyzed. There are 12 peaks in all, their 
posations are , reset by putentioneters on tie peak selector 
chesais. Probably tue best way to monator the ,ear selector 
Output if to pick uy tue pusition of the elepping switen. This 
wight conveniently be tahen of f at the pilot lamp vhici indicutes 
the energized chutmnel to the uvperator. 

3) The buse line fur euch peak, or zero (<i) 

4) The waximum output at cach pear (Hi) 


S) An attenuetion factor (Ai) for cach peak; this as the factor hy 
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which tne output has been diviced in order te Keep it in the 


O ~ 10 mv. range. (This is done by weans cf series resistances). 


These data must be operated ujyon in order to express the couapcsitien of 
the sampied gases in wole fractions. this data reducts on is to be done 
by weans of u digital computer which «ill use tie digitized mass spectroe 
meter output us input. 

Two wachine prograas wall be required. One prograw calculites 
| the sensitivity of the anstriment to the different seses relutive to tiie 
| gaee 23 peak of Nos which is arbitrarily set ut 100. In the folluwang 
discussion, we shall identify tie sensitivity of the instrument to the 
re gae (where the identifying subscript j is assigned as shown in 
Table I) at tue it “wane Nuwsber or ,~peak selector channel as Sij. The 
second program uses the Sij's and tie output fron the wuss spectroucter 
cuused b) the sampicd gases to calculute tne mole fractions xj of the 
constituents of the sample, the seight fraction Kh of entrained uir de- 
termined from all tie constituents, the weight fraction of air A deter- 
mined from an argoaehelaum balance, tie taxture ratio Me of the rocket as 
| determaned frow the Bam lied p.ases, and the caurbun/hydrogen ratio D of the 


sunple. This report includes blockediagrans, SOAP codes fur tie Tim 650, 


and cowplete hand-checis of tne prograws using represent tive inputs. 
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TALLE I1: 

Q Calibration 
| Q Packground 
| i Air 
| 2 Ny 

3 o., 

4 Ar 

5 co 

6 co, 

7 i, 

8 He 

9 H,,0 
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| II, Analysis: 


The inatrument -i1l be cuelibrated once euch day, cr oltener if 
| 


it appears necessary, b, aduwitbiryag a sample of pure gus to the auxiliary 

anlet at exactly atsospheric pressure, expunding it to the cx pansion vole 

ume, and introducing it into the wass spectroweter in "batch" fashion. 
| The wuss s,ectromweter is sensitive to the »artial ,reogure of a particular, 


| geo at ite inlet. bince ve are analyzing ull guses, we co not need the | 

| absolute sensitivity of each gue in volts culput per pressure unit, let 
only the relative nensitivity. ‘Ye shall arbitrarily desiygsute the senaie 

|} tavity *5 of N. at was6 25 u& LOU, aad refer other& to ate This is 
éddowable aff the cosas ratiny, gases are ull antroduced at tie same pressure 
into the inlet systeu. 

lt is conceaveble that ve ay introduce sowe air into the instrue 

ment together with the calibrating, gas. ve cin correct for an air haurity 
if the firet calibrating gae which we run each day 46 air. “he mole 
fraction of air is tien eurily cetuersined by monitoring citser the wasg 
26 or masse GO peak choosing whichever does not occur ian tire wins Spectrum 
of the pure gas. If the pure gun j;eah wiose sensitivity we ure weusuriag 
does not vccur in air (i.e., dves nut inapypen to be i4, 2c, 32, or 40), 
then the sensitivity of the pure gus i6 determined by dividing 1it8 appare 
ent sensitivity (ucasured wits the air contasznution present) by its 
mole fraction, which is one less tho wole fraction of cir if no other 
contaminants are ussuued tu be present. If tie purticuaur pear of 


interest is one which also occurs in air, the wir contuminant must ve 
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subtracted from the peak height in order to determine the true value. 
Ae an instructive exauwple, comsider the calibration of the ine 


&trument for sensitivity to CO, (gus nuwber, j = 8) at the masse 26 (i © 9)! 


| 


and 44 (i = 12) peaks. The anount of air is deterained by awonitoring tie 
peuk at .ass 52 (i w 10)3 the sensitavity of tae instruaent to oxygen at 
this iaass nuwver has been previously deterwined. The instrument measures 
the output voltage or peal height (Hi), the zero line (4.), and the ate 
tenuation factor (a5) at all twelve (-eaks; we chuose to operate only on 
peaks nurber i = 9, 10, 12. Vae corrected pexuk hoight C, is determined 


i 


by subtracting the zero reading from the weasured value and aultiplying 
by the attenuation factor, thus: 


Ft = A. CH - a) 


The background reading, Bis shach was previously deteruincd, is subtracted 


from Cc; to give the true peak height Te 


The mole fraction of oxygen in tiie sample aay be deterwined by dividing 
the true output at peak 10 by the output of pure oxygen at tiie save peak 
(und at the game Sanpling pressure), or since we use nitrogen as our 
reference, 


x s T 


6 10 §9,4/510,5 Po 


In the above expression Xs is the wole fraction of 0, (gas nuuber, j = 6), 


So 4 (= 100) is the instruwent sensitivity to nitrogen (gas nunber, j = 4) 
i) 


" DY. . { q 
at the wass 25 peak (i = 9), som 


(i = 10, j = 6) and P, is the instruvient's response to a jure nitrogen 


sample at wuss 28 at the same pressure we the CO, sauple. ‘te may tien 


| 
is the sensitivity to 0, at uaes 32 | 
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determine (he instrument's response to CO, at wass i4 (s)., 5) by the 
oo we 
relution 


| ees 


Sio,6 7 The Sy ,4/Py (2 ~ xg/0-2099) 


where 0.2095 ia the mote fraction of oxygen in ir. The response obe 


Served at suse 238 is due to buth N, und 0... Tae response due to N, is 


| 0.7808 x. YP 
———_ 6 


0.2095 id 


where 0.7808 i the mole fruction of N, in air. Then 


0.7308 Xe Py 
a a 9,4 Ty) — 0.2095 
P, le- x, 70.2095 


The block diagram of the calibration program was constructed from these 
and BSiwilar considerations. A bit of study will sho. how the corrections 
for uir were performed in other cases. 
The output of the calibration runs vill be used in the analysis 

of the oxyzen feed and plume Gauples, toge. er with the outjut data 
(H, A, and 4%) frow these runs. For every component except No and CO, the 
response factor hg is determined by a relation 

ZF = T/3; 


No and CO both have wajor peaks at iwass 14 aud mass 2c. The situation 
at mass 2c is furtner cowplacated because co, leS a peak there also. The 
procedure adupted is to subteact out the CO, contribution to the mass 28 | 


| output, as foilions: 
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Then we auy oolve the following situltaneous equations for Fs and F. 


(response factors for N,. and CO): 
9,5 °5 9,4 °4 9 


| &-_.*F.+ &,*: = # 


$49 S 
Since t!ere ig no CO or co, in the 14/5, saupies, »e cun calculate ull 
response fuctors in the sawe wanner. Cnece we uve all the 7 we iaay 
calculate the mole fractions of the different componcaits: 
$ 
Xs a 
The oxygen feed samples and the pluie cues using Hy/0, propellant do 
not contain either CO or cO., go thut we way revise our procedures 
elightly in order to cunserve tunnel time. ‘This ia why tie subscripts 
in tue anulysis prograa bieck-diagran uader tag nuwbers 3 and 4 (v, feed 
und 4,/0, plume sauple, resyectively) do not always match up. 

In tne pluwe sampice, tuere are u nuwber of quantities of ine 
terest which way be derived from tie coaposition in terms of mole fractions. 
One of these ia tie ratio of hydrugen atoms to carbon utons in the same 
pled gas. In Rel this ratio is about 2.9; its deviation from this figure 
|; din the sampled gases is a ieasure of the sampling error, since neither 

Hi nor C ib added to the gas by the oxygen feed or tie entrained air. We 
can coupute this ratio (D) simply by sunwing the hydrogen-containing 
compounds wultiplied by tne subseript of hydrogen in each compound, und 


| dividing by the sivilar gum of tic carbon-coutuining coupounds, e.g., 


)= (2x, + ox,) / (x, + x.) 


Die (2M 9 + 2 Ky dD 7 ey + & 8 


2 2 


— 


co, 
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This computation is of course not ;erforued when el as the fuel. 

The weight fraction of entruancd air may be computed in teo 
ways: Tne first rejuires un uotcuratie dsiualysis of tie sainyplea gar, in 
that the true preportions uf o11 conpuncits oatist be known. Since vitroe 
«en is nearly inert, its reiutive proportion in the smasle is uachanged 
by any reactions in the .as or iy the Bsasvdang process (if a true sample 
is tuken). te way thus compute u “wole fraction" of air (not ou true 
mole fraction, sance in enueral soue of the oxygen as reacted) by tue 
relation 


. x , > mrt 
x, = xy / 0.7808 tJ X./067808 


The “aclecudur weight" of air as 20.0023 © moleculer seigit of the exe 
haust guses, N, may be calculated b: tie relation 


Koo ) X.oN, 
a oJ 


=/ 


where M is G ina H,/0., firing and d in an W1/0,, fixing. Then tne 
weight fraction of air computed in this manner is 
A = 26.962 X ,/0.. 7806 WN 
A second method of computiin; tie weigiit fraction of wir docs 
nut require an eccurate analysis of tre saupled jaees, Lut does rejuire 


an analysis of tue oxygen feed. Tuas sievsod ulilivzes on inert gas 
tracer (He) added to tie 0, feea wad anuther inert tracer (Ar) which is 


faturally present an ais. Vie weight fraction of fie an tie O, sunpie is 
- 


ae, N 
*», * 4.005 a, of is 


This quantity as calcuiuted frou tie oxygen analysis at the bexroning of 


each SOeuinute run. Mere waid abBu jprovuuday be seine Uryun precent in 
fr Jd fo t 
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the oxygen; the weight Sruction of argon as, Siudilarly, 


= 5 uy t 
“2,0 = a9 ead 4 oo 


(These quantities way be corrected for an air leek). The weight ratio 
of helium to argon in the ypiuwe sanpic wcy vusiiy be deteruined from tue 
woke rutios; 

(fi2) = 4.005 x,/35.4i4 Xo | 
The weight fraction of argon in air is U.01202, From these four quantig 


ties, 4 ‘ Foe! (WoW) and doe air = .0i288, we way compute the 


2,0 
fraction of cir independentiy from any effects of reaction. 
Let the mixture ratio (determined by weasuring the propellant 
| flow rates) of the rocket be M. Then, on the basis of one lb. of fuel, 
M Abe. of oxygen enters the chauber, and M ¢ 1 Lb. of exhaust causes are 
formed. The weight fraction of helius in the exhaust is 
Woe = "3,0 M/ (Mei) 
and likewise for argon. Let B ibs. of uir be tiixed with the Mel Lbs. of 
exhuust to fors MeleB ibs. of pause. he wedsiht fraction of ite in the 
plume 1s: 


Wo «Wl M/(M ¢ 1 + B) 


& ~,0 
| The weight fraction of argon is: 
Wo oP . M ¢+¢ O.0i283 B 
M+ 1 + *B 
and the ratio is 


=z WW fa 


7,0 + (B/M) O-01206/W, | 


2,0 
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Wow Wo fa, 
whence (B/M) = if 2 oe 7,0 2,0 
0.01288/8, sf 


The air/oxygen ratio B/H way be used to cudculite tne weaght fraction of 


entrained air, RK, as follows: 


Ros M (B/N) /[M 4 1 + (ays) } 


whence R = K (W 


O0.UL2KB 


Tie mixture ratio aay ulso be determianed fruw a inowleuge of the 
total composition. Let us call thas gquuntity Noe to Gistinguish it frou 
the weasured wixture ratio NM. The weight of fuel in one woie of saapled 
plume gus is given by 


w. e 2.016 (Xx, + x.) + 12,040 (xX, + x.) 


(The second terms if not present af an ii/O, run is Leing analyzed). The 
weight of oxygen is 
Soe U = x. /2 ~ 
wx F uLev { 5 2 x. + X + X,) 


Part of this comes {frum entrained air, so that the siuount due only to 


the propeilant feed is 


“ = 32.000 (3 XL 4 2 XL 4+ X., + X,, ~ e095 x,) 
= bg a 0.7806 


The mixture ratio ise then 


| =X oueOCO (: XW «¢ 12 Xe X 6 KX - OWLOUS XxX.) 
| c oor y 5 wee 2: hg 
wv eeViv 4 aed 
ors vs (xX + x.) ¢ b2.GlkU x, + X,) 
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An alternative expression aay be develo,ed hy using the relationshi; 
t a rn y P 


x) + x. Pa X, + Xx, if the H/C ratio of the fuel is 2. Then 


32.006 (82 X. ¢ 1X + X. + XS ~ 0.2685 X_) 
—— 8 4 


fv) 3 6 
¢ 14.026 (Xx. * xX.) 


This last expressiun puts less relisnce cn the accuracy of the aualysig 


of the coadensable component HU; it can only ie used fur the RP-i/0, runs. 


CANO NA A TADS 


| ee eects: 
14 
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III. Cunciusions: 

On the basis of tie considerations indicated in the preceding 
section, we huve deveio,.cd computer progriws buituble for tie reduction 
of digitized wass s,ectrouweter output date. In the appendix, block- 
daagraums, SOAP codes suitable for tie IBM G50, sample inputs, and hind- 
couwputed results ure resented. Tiese resuits may be used in incorpor- 
ating these data reduction procedyorcs into the ARDC syste... The input 
required for calibrations are tie indavidual pesk tieaghts, base lines, and 
attenuation factors, as well as tug numbers (UV - 9) vhich idewtify the 
different sases. The output of the calibration data reductiua program 
conkists of tie relutive sensiltivaties of the uiffcrent cunstilucots. 

The analysis of a jas Baupie requires tie cuue type of input ab the cal- 
ibration runs, and also the sensitivities anc a scasured propellant waxe 
ture ratio. The output of this program is the wole fractions of the 
different gases an the saiuple, tne U/C ratio of the fuel (if it ies RP-1), 
the weight fraction of entrained air (computed in two vays), und the mixe 
ture ratio of the propellant as computed from the susple composition. 
This information can be used in uw nuwber of subsequent culculations; 


goae of these viil be discuséed in unotier report. 
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Tiling TIT; NOMENCLATURE 

A Mauss fraction of entrained air (from total composition) 
} 

A; Attenuation factor at pel waASS peak 

B. Bacxground pean height at ii8 Haba peak 
| C; Corrected peak height at iit muss peak 
| oD uydrogen/earbon ratio uf fuel 

ur Response factor dee to tie ;2 component 
| Ki, Meusured peak height at st masse peak 

bi Meusured wixture ratio of propellant 

aM. Calculated mixture ratio 

N Molecular weight of sampied gases 

Py Response of instrument to N, at iasa 23 

Q Tug nuuber, idestifying sauple 

R Massy fraction of cntreined air (frou Ar/He tbolance) 

4 ; .th “ .th : 

S. Seneitivity ot im wass peak of jm component, relative to 

iJ Sig y  & 200 

tT Truc peah eight at jth wuss peak 

w, Weight fructaon of je couponent in sample 

J 

* Mole fraction of 32 component in saupie 

a, 4ero or base line at ich Mase peak 
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